Nanoporous anodic aluminum oxide (AAO) membranes are being used for an increasing number of applications. However, the original two-step anodization method in which the first anodization is sacrificial to pre-pattern the second is still widely used to produce them. This method provides relatively low throughput and material utilization as half of the films are discarded. An alternative scheme that relies on alternating anodization and cathodic delamination is demonstrated that allows for the fabrication of several AAO films with only one sacrificial layer thus greatly improving total aluminum to alumina yield. The thickness for which the cathodic delamination performs best to yield full, unbroken AAO sheets is around 85 μm. Additionally, an image analysis method is used to quantify the degree of long-range ordering of the unit cells in the AAO films which was found to increase with each successive iteration of the fabrication cycle.
Introduction and Motivation
Porous nanostructured alumina films grown by aluminum anodization have been studied for several decades. 1 Because these anodic aluminum oxide (AAO) films have well-ordered nanoscale structure and are relative easy to fabricate, their application has grown tremendously with wide ranging uses such as templates for making nanowires or nanoholes, 2-8 membrane filtration with further functionalization to fine tune their size, chemical, or biological selectivity, [9] [10] [11] [12] fabricating magnetic nanomaterials, 4, 13 optical devices, 14, 15 supports for lipid bilayers for making spectroscopic measurements, 16, 17 and other biomedical applications. 12, [18] [19] [20] [21] A recent review covers the growth and some applications of AAO to templated nanostructures. 22 AAOs are commonly produced by anodizing a piece of aluminum in an oxalic acid electrolyte. A two-step process, in which the first oxide film is selectively dissolved, is widely used because the second film has a much more regular structure due to the pre-patterning of the substrate by the first anodization. 6, 13, 21, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] The microstructure on the metal surface prior to anodization affects the ordering of the subsequent oxide film, and it has been shown that using a lithographically produced stamp to prepattern the aluminum results in highly ordered AAOs. 5, 34 When the desired AAO film growth is complete, it is still attached to the aluminum substrate from which it was grown. The original published methods for removing the alumina film from its substrate involved selective dissolution of the aluminum in HgCl2 or CuCl2 solution. 2, 6, 24, 35 Due to the inefficient use of aluminum and the use of toxic metals, other methods for alumina delamination were developed that utilized higher potential anodic pulses to remove the barrier layer 23, [31] [32] [33] or further anodization in an electrolyte to etch away the surface of the underlying aluminum. 24 A drawback to these methods is that they distort the metal microstructure from its steady-state growth conditions. Cathodic delamination, on the other hand, relies on the build-up of pressure between the metal and the oxide as protons are reduced to hydrogen gas. This method has been reported as a way of reducing the number of processing steps and chemical baths used. 23 If the delamination step is carried out in the original electrolyte bath, however, the build-up of Al 3+ formed during the anodization leads to redeposition of Al 0 , which produces the undesirable result of filling in the patterned microstructure. Recently, cathodic delamination has been demonstrated as a means to produce multiple AAO films from a single starting sheet of Al. 27 The process reported in that study utilized a sacrificial first anodization before each useable film was created.
Our alternative process proposed in Scheme 1 allows for a higher yield of AAOs to be produced from a single sheet of aluminum since only one initial anodization step is required. This process involves multiple anodizations on a single piece of aluminum with alternating cathodic delamination to remove each film in a separate bath of 0.1 mol/L nitric acid, which preserves the pre-patterning on the aluminum. Because the microstructure is preserved, no additional steps are necessary before proceeding to the subsequent anodization. This two-step cycle can be repeated until the aluminum substrate is consumed. The reasons for using a separate nitric acid bath are threefold. First, using a separate bath avoids the re-deposition of aluminum that accompanies use of the original anodization bath. Second, the delamination mechanism requires a source of protons as the precursor to the hydrogen bubble, which the nitric acid bath provides. And third, both aluminum and alumina are stable in nitric acid. 36 A beneficial feature of this scheme is that it delaminates the alumina with the barrier layer intact, unlike the anodic voltage pulse schemes. 23, 24, 31, 32 The barrier layer can be left in place for applications such as creating nanoscopic vesicles 20, 37 or a variety of barrier layer removal techniques can be used to obtain open, through-hole pores. Barrier layer removal techniques include wet etching with phosphoric acid 28, 34 , floating the barrier layer on top of a basic solution 27 , dry etching, 30 or focused ion beam milling. 29 
Experimental
High purity, 99.999 % aluminum sheets were purchased with dimensions 50 mm x 50 mm x 1 mm and were sheared to 25 mm x 50 mm x 1mm. Because the shearing warps and bends the aluminum near the tooling marks, the aluminum pieces were repressed to flat in a vice. All electrochemical processes were run with two 20 V power supplies wired in series, which is necessary to achieve voltages greater than 35 V. Further pretreatment of the aluminum pieces consisted of sonicating in acetone for several minutes, followed by electropolishing in a mixture of 800 mL of ethanol mixed with 200 mL of perchloric acid at 10 V (45 mA/cm 2 to 115 mA/cm 2 ) for two minutes total with the aluminum sheet being about two-thirds of the way submerged in the solution and being rotated by 90° every 30 s to ensure more even polishing of the surface. Following this procedure, the aluminum was thoroughly rinsed in distilled water. The final aluminum piece had a mirror-like shine. For both electropolishing and alumina film growth, a copper wire coil was used as the cathode, the solution was gently stirred with a stir bar at 1.7 Hz, and a 1 L water jacketed beaker and recirculating water bath were used to hold the solution at 4° C. Alumina film growth was performed in 0.3 mol/L oxalic acid, made from oxalic acid and distilled water, at 40 V (1.9 mA/cm 2 at steady state) for between 8 h to 32 h. In order to build statistics, three aluminum sheets were anodized simultaneously in the same bath. The pieces were symmetrically arranged around the cathode in the center of the bath. Between successive rounds of alumina growth, a fresh batch of oxalic acid solution was prepared to avoid changing the reaction kinetics due to Al 3+ buildup in the electrolyte. Additionally, a thin layer of silicone oil was floated on top of the oxalic acid solution, which prevented corrosion of the aluminum sheet at the solution/air interface. Following completion of an anodization step, the sheets were rinsed with distilled water.
Cathodic delamination was performed in 1 L of 0.1 mol/L nitric acid at room temperature at 30 V using Pt foil as the anode. Before delamination occurs, and depending on the alumina thickness, the current ranged from 1 mA/cm 2 to 4 mA/cm 2 , and a few small bubbles could be seen escaping through the alumina film. Depending on the thickness of the oxide film, an audible popping was heard as the alumina starts to delaminate 30 s to 90 s after the voltage had been applied. After delamination occurs and the oxide film cracks, the acid solution is able to reach the aluminum uninhibited and the current jumps up to 50 mA/cm 2 to 120 mA/cm 2 at which point the power supply was turned off. The alumina film was rinsed with distilled water, dried at 120° C and pieces were broken off and sputter coated with 2 nm of Pt for scanning electron microscopy (SEM) analysis. For the thinner alumina samples that cracked and did not fully delaminate, the residual alumina was dissolved in a phosphoric acid/sodium dichromate bath at 60° C for a few minutes to yield a clean metal surface before the next anodization.
Results & Discussion Voltage used for Delamination
The mechanism of cathodic delamination relies on the reduction of protons to hydrogen gas at the aluminum/alumina interface. The barrier layer of alumina is permeable to ionic species, which is necessary for the alumina growth 4, 38 but also allows protons to diffuse through from the bulk acidic electrolyte to the aluminum surface. The pressure from the hydrogen gas bubble pushes the aluminum and alumina apart. Different voltages were tried for the cathodic delamination step before settling on 30 V. Voltages below 30 V draw less current and produce hydrogen at a slower rate with some or all of it escaping through the barrier layer. If the rate of hydrogen escaping through the membrane is comparable to the rate of its production, the pressure does not build up at the metal/oxide interface and delamination does not occur. On the other hand, voltages above 30 V produce the hydrogen more rapidly and build up pressure faster, which can lead to alumina film cracking instead of delamination across the whole surface. Three quarters of the voltage used for the anodization provides a good balance between these two extremes and was tested on some other AAO films grown at both 10 V and 20 V. This ratio is similar to the slightly lower voltage ratios of 0.60 to 0.68 used by Hong et al. 27 
Thickness Dependence of Delamination Success
Five iterations of anodization were performed, each for a different amount of time in order to produce AAO films with varying thicknesses. A plot of AAO film thickness versus anodization time is shown in the supporting information, Figure S1 . Two observed trends are that the current prior to delamination decreases and the amount of time before delamination increases with increasing film thickness. Both trends are due to the diffusion of protons through the narrow pores, with the thicker films providing more resistance to the flux of protons to the metal surface from the bulk solution than their thinner counterparts. 39 During the delamination process, the pressure of hydrogen builds up between the aluminum and alumina film until it forces the oxide off. For the thinner, weaker films this pressure bubble causes the film to brittle fracture in many places across the face yielding pieces smaller than 1 cm 2 . Depending on the application, the smaller, fractured pieces could still be used, or machined into a more desirable shape. Alternatively, to reduce the chance of fracture for the thinner films, a smaller starting piece of aluminum could be used, or possibly an additional supporting layer that is ionically conducting could be added on top before the delamination step to increase its mechanical strength. The fourth iteration alumina films were approximately 85 μm thick and each face delaminated in a full, unbroken sheet. The thickest alumina films were approximately 102 μm thick and were strong enough that the pressure bubble was unable to break off all of the faces cleanly. Some of these thick films had fractures across the film, although to a lesser degree than the thinner films. It may be possible to extend the thickness range in which the alumina film delaminates in one piece by selectively anodizing the face23, 35 so that the oxide film does not wrap around the aluminum substrate.
Microstructures of the Aluminum and Alumina
The alumina films and the aluminum surface were characterized by SEM after each iteration and the resulting microstructures are shown in Figure 1 . The top surface of the alumina film after the first anodization (uppermost left corner) does not have a well-defined periodic structure which is why this layer is usually discarded. For the second and subsequent iterations the pore size remains constant as shown in the supporting information, Figure S8 . The bottom of the first film and the aluminum surface exhibit the characteristic honeycomb pattern. By preserving this microstructure on the aluminum, the sequential iterations have better ordering than the previous, due to further evolution of the selfordering processes described previously. 1, 40, 41 This trend can be easily distinguished in the larger images shown in the supporting information in Figure S6 and in the inlays in Figure 2 .
Quantification of Long-Range Ordering
In order to characterize the long-range ordering of the unit cells after each iteration, large area scanning electron microscopy (SEM) images were obtained and analyzed to find the regions with similar orientations that are defined as a domain. The analysis starts with identification of unit cells followed by Delaunay triangulation similar to previously described methods. [42] [43] [44] Details of the analysis technique can be found in the supporting information. Hundreds of domains were characterized from the alumina films from each iteration. The domains within each iteration have an exponential size distribution so that fitting of the domain size histogram to y = Ae-x/k, determines the characteristic domain size, k. These data are shown in the supporting information in Figure S7 . From this analysis, it is clear that the characteristic domain size increases after each iteration as the total anodization time increases ( Figure  2) . This trend is possible because the patterning in the aluminum is preserved during the delamination process. For the first few iterations, the trend is linear, and then the trend starts to plateau. This plateau could be due to the finite size of the SEM images used in the analysis; as the domain sizes grow, they are truncated by the edges of the image. Discarding the domains with edge boundaries from the analysis, however, significantly reduces the total number of domains for the later iterations and biases the distribution as large domains are more likely to be removed. The general trend is that there is a monotonic increase in domain size with each iteration, even if the characteristic domain size increase is not fully linear. This analysis method is an improvement in tracking this trend, which was reported previously by changing the time of the first sacrificial anodization but was reported in arbitrary units40 or required manually picking out individual domains by hand. 41 
Advantages of Scheme 1 over Traditional Methods for Producing AAO
The traditional method for making an ordered AAO film involves growing a first, sacrificial alumina film that is dissolved selectively and keeping only the second alumina film. 6, 13, 21, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] Obviously, to produce many AAO films, sacrificial dissolution of the first alumina film (grown for a long time) to obtain one highly ordered film is impractical. Our method depicted in Scheme 1 is beneficial because the sacrificial film is made once and is independent of the number of subsequent anodizations. Use of 1 mm thick aluminum sheets in our experiments limited the number of iterations we could perform because the aluminum became too thin and weak, making further alumina film growths impractical. By starting with a thicker piece of aluminum, however, this process could be extended for many more iterations. The process described by Hong et al27, which is similar to ours, involves an additional etching step that removes the patterning on the aluminum, thus necessitating a sacrificial pre-anodization for each cycle. These extra steps prevent an increase in long range ordering with each cycle. In these respects, our method is advantageous because it does not require etching and sacrificial pre-anodization at each cycle, which also increases domain size after each iteration.
Additional Considerations and Future Possibilities
Although the anodizations for this work were performed under mild conditions, it is likely that this scheme could be combined with the faster growth associated with the hard anodization technique described by Lee et al 39 to increase the yield and speed of AAO production significantly. Additionally, if the degree of ordering is important, another possibility to further increase the long range ordering would be to anneal the Al sheet prior to anodization 35 or to pre-pattern the aluminum with a lithographically produced stamp, 5, 34 neither or which was done in this study. Further, for the starting aluminium geometry used in this study, only the films that were around 85 μm thick delaminated in full, unbroken sheets, with the thinner and thicker films fracturing into smaller fragments during delamination. For applications requiring large area, thin alumina films, such as for dry etching masks, further optimization of the delamination process is required, possibly including the use of a temporary support layer.
Conclusions
A new method is demonstrated to produce many AAO films from a starting sheet of aluminum. This scheme utilizes cathodic delamination in a separate bath containing 0.1 mol/L nitric acid, which allows the alumina and aluminum to be separated without distorting the microstructure on the substrate. In order to get the full faces to delaminate in a single sheet, the alumina film thickness should be approximately 85 μm thick. Because of the preservation of the aluminum microstructure, only a single sacrificial anodization needs to be performed, regardless of the number of subsequent iterations. Finally, with each successive cycle, the long-range ordering of the unit cells in the AAO film increases, which is demonstrated by a quantitative image analysis method of large area SEM images. 
